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Molecular Characterization of the Long-Day
Response in the Soay Sheep, a Seasonal Mammal
makes the PT-prolactin relay system an attractive model
in which to investigate the molecular events underlying
photoperiodism. We established a first long-day proto-
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University of Aberdeen col to characterize the early events involved in the acti-
vation of prolactin secretion in a seasonal mammal, theZoology Building
Tillydrone Avenue Soay sheep. This is a small, feral breed of sheep that
resembles the wild-type mouflon and is strongly photo-Aberdeen AB24 2TZ
Scotland periodic [5]. Animals were housed indoors under a short-
day photoperiod for 6 weeks, resulting in uniformly low2 Medical Research Council
Human Reproductive Sciences Unit circulating concentrations of prolactin (Figure 1, control
animals, open symbols). They were then exposed toCentre for Reproductive Biology
37 Chalmers Street an abrupt 8 hr extension of the light phase, effectively
switching them to long days (LD 16:8), which immedi-Edinburgh EH3 9ET
Scotland ately produced a shorter, long-day profile in melatonin
secretion (Figure 1B, closed symbols). This photoperiod
switch caused a significant increase (p  0.01) in blood
prolactin levels by 2 hr into the light phase (zeitgeberSummary
time, ZT2) on day 1, just 18 hr from the start of the
extension of the light phase (Figure 1A, closed symbols).In mammals, seasonal timekeeping depends on the
generation of a nocturnal melatonin signal that reflects This was the beginning of a progressive increase in
prolactin secretion that stimulated the development ofnightlength/daylength [1]. To understand the mecha-
nisms by which the melatonin signal is decoded, we a summer phenotype characteristic of the Soay sheep
(data not shown). Thus the first long-day response isstudied the photoperiodic control of prolactin secre-
tion in Soay sheep, which is mediated via melatonin defined as the initiation of increased prolactin secretion
in the first 24 hr after a switch to long photoperiod.responsive cells in the pars tuberalis of the pituitary [2].
We demonstrate that the phases of peak expression of
the clock genes Cryptochrome1 (Cry1), Period1 (Per1),
Alteration of Clock Gene Expression Patternsand RevErb respond acutely to altered melatonin se-
in the Ovine PT on the First Long Daycretion after a switch from short to long days. Cry1 is
We next considered whether clock gene expression pro-activated by melatonin onset, forming the dusk com-
files in the PT change before this remarkably rapid initia-ponent of the molecular decoder, while Per1 expres-
tion of the prolactin endocrine response. Earlier studiession at dawn reflects the offset of melatonin secretion.
in the PT demonstrate that the 24 hr expression profilesThe Cry1-Per1 interval immediately adjusts to the mel-
of several clock genes change with photoperiod and thatatonin signal on the first long day, and this is followed
the patterns are modified by treatments with melatoninwithin 24 hr by an increase in prolactin secretion. The
[6–9]. Moreover, Per1 rhythms are abolished in the PTtiming of peak RevErb expression also responds to
of pinealectomized hamsters and of MT1 receptora switch to long days due to altered melatonin secre-
knockout mice [10, 11]. Using in situ hybridization, wetion but does not immediately reset to an entrained
assayed the expression of Per1 and Cry1 and of a thirdlong-day state. These data suggest that effects of mel-
clock gene, RevErb, postulated to have a role in Cry1atonin on clock gene expression are pivotal events in
regulation [12, 13] in the PT of sheep sacrificed over onethe neuroendocrine response and that pars tuberalis
24 hr cycle. Representative images for PT expression ofcells can act as molecular calendars, carrying a form
the three genes are shown in Figure 2A. In short-dayof “photoperiodic memory.”
control animals (LD 8:16 group), melatonin concentra-
tions were increased during darkness, from ZT11 toResults and Discussion
ZT23 (Figure 2B), and peak expression of Cry1 occurred
at the beginning of the dark phase (ZT11) (Figure 2C,Activation of Prolactin Secretion
top). Peak expression of RevErb and Per1 occurredon the First Long Day
at ZT23 and ZT3, respectively (Figure 2C, middle andThe secretory cells in the pars tuberalis (PT) of the pitu-
bottom).itary gland express high concentrations of high-affinity
Switching to long days by extending the light phasemelatonin receptors (MT1) and are thought to mediate
by 8 hr (LD 16:8 group) caused a parallel delay in theeffects of photoperiod on the seasonal prolactin cycle
onset of melatonin secretion and a corresponding[2, 3]. This endocrine cycle regulates life-history events
change in timing of the evening rise in Cry1 expressionsuch as lactation, implantation, reproductive behavior,
(ZT19) (Figures 2B and 2C) (p 0.001 for photoperiodand the pelage moult cycle, and the conserved nature
time interaction for both variables). The light switch alsoof the photoperiodic control of prolactin secretion [4]
caused a delay in the onset of increased Per1 expression
(p  0.01), probably reflecting the delayed decline in*Correspondence: d.hazlerigg@abdn.ac.uk, (D.G.H.), g.lincoln@
hrsu.mrc.ac.uk (G.L.) melatonin secretion after the first short night [8]. The
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lights on. Hence the timing of Cry1 and Per1 expression
rhythms adjusts rapidly to the long-day melatonin pro-
file. By contrast, in the PT of animals adapted to long
days for 6 weeks, the peak RevErb expression (ZT3)
was 12 hr out of phase from that seen after the first
long day (ZT15), indicating that the pattern of RevErb
expression adjusts progressively during exposure to a
sequence of long days.
Melatonin Replacement Reverses the Effects
of the First Long Day on Cry1 and RevErb
Expression Patterns
The immediate 8 hr delay in the onset of Cry1 expression
in response to the switch in photoperiod suggested that
this gene responds directly to the delayed onset of mela-
tonin secretion. To test this, we exposed animals to the
8 hr extension of the light phase and gave them either
a commercial subcutaneous melatonin implant (Regulin)
at ZT8 or a sham treatment (Figure 4A, top). The melato-
nin implant increased blood plasma melatonin levels
to approximately 200 pg/ml within 1 hr, and levels of
melatonin in sham-treated animals stayed low as ex-
pected (Figure 4A).
Melatonin treatment produced a large increase in Cry1
gene expression relative to the control group within 3
hr of implantation (p 0.001, Figure 4B, top, and Figure
4C), and this effect was still evident 4 hr later (ZT15) in the
extended light period. The magnitude of this melatonin
induction of Cry1 expression was similar to that seen 3
hr after lights out (ZT11) in animals maintained on short
days (hatched bar in Figure 4B). Replacement of melato-
nin had no effect on Per1 gene expression (Figure 4B,Figure 1. First Long-Day Response in Prolactin Secretion in Soay
middle) but blocked the increase in expression of Re-Sheep
vErb at ZT15 induced by the first long day (Figures 4B(A) Blood plasma prolactin concentrations at ZT2 in animals either
remaining on short days (LD 8:16 group, open circles) or exposed and 4C, bottom) (p 0.01 for implant time interaction).
to an abrupt switch to long days (LD 16:8 group, closed circles), These data demonstrate that administration of a physio-
shown from day 2 to day 6 relative to the photoperiodic change. logical concentration of melatonin reverses acute long-
(B) 24 hr profile of blood plasma melatonin concentrations on day
day effects, specifically by inducing Cry1 and sup-1 in animals either remaining on short days (LD 8:16 group, open
pressing RevErb expression in the PT. Together withcircles) or exposed to the first long day (LD 16:8 group, closed
data showing that melatonin withdrawal activates thecircles). Values are mean  SEM, n  8 per group. The horizontal
bars at the top of the figure indicate times of lights on (open) and rise in Per1 expression at dawn through a cAMP path-
lights off (filled) in the two groups. The 8 hr light extension (first long way [6, 7, 11], this study demonstrates that the 24 hr
day) is indicated by the outlined box (ZT0  lights on). melatonin signal has multiple effects on the molecular
clockwork within PT cells.
photoperiod switch to long days produced a 4 hr ad-
vance in the onset of RevErb induction peaking at ZT15 Clock Gene Inducibility and Photoperiodic
Memory in PT Cells(p  0.001) (Figure 2C, bottom). Thus an abrupt switch
caused phase changes for the expression of all the clock The RevErb results and the phasing of peak expression
of other clock genes in the PT can be explained by thegenes that we examined within the first long day.
existence of circadian permissive windows that gate
clock gene responses to melatonin. This is illustrated inComparison between First Long Day and Long-Day
Acclimatized Animals Figure 5A for the control of Cry1 and RevErb expres-
sion. For Cry1 the decline in expression in the mid-lateNext, we compared the expression profiles immediately
following the long-day switch, with those recorded in night despite maintained melatonin levels (see Figure 2)
implies that a window of inducibility shuts from this pointSoay sheep acclimatized to long days for six weeks [8]
(Figure 3). We plotted the data as percentage maximal until the following light phase (possibly reopened by the
absence of melatonin). For RevErb it appears that aexpression to allow comparison between experiments
performed on different occasions. For Cry1 and Per1, circadian window permits endogenous induction of
gene expression at the end of the night. Our data sug-the temporal profiles in gene expression are similar in
the first long-day group and in long-day acclimatized gest that in the short-day acclimatized state melatonin
transiently suppresses RevErb expression during theanimals: in both groups increased Cry1 expression fol-
lowed lights out and increased Per1 expression followed night. The suppression of melatonin by light on the first
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Figure 2. First Long-Day Response in Clock
Gene Expression in the Pars Tuberalis of the
Ovine Pituitary Gland
(A) Representative autoradiograms for in situ
hybridization of Cry1 (top), Per1 (middle), and
RevErb (bottom) in the pars tuberalis (PT) at
ZT11 or ZT15 in short-day (LD 8:16 group, left)
and long-day (LD 16:8 group, right) animals.
(B) Plasma melatonin profiles in the LD 8:16
(closed circles) and LD 16:8 (open circles)
groups.
(C) Riboprobe-specific hybridization for Cry1,
Per1, and RevErb in the PT in the two
groups. Values are mean  SEM, n  4/time
point. The horizontal bars at the top of the
figure indicate times of lights on (open) and
lights off (closed) in these two groups. The 8
hr light extension (first long day) is indicated
by the outlined box (ZT0  lights on).
long day prevents this masking effect, resulting in a a switch to long days and is preceded by melatonin-
dependent changes in clock gene expression in the PT.premature induction of RevErb. Sustained long days
appear to result in a shift in the endogenous window This is consistent with the hypothesis that melatonin
duration is decoded in the phasing of interdependentfor RevErb induction, probably due to the entraining
effects of the long-day melatonin signal on the PT mo- clock gene products, resulting in a fast endocrine output
response, ultimately dictating the summer or winter phe-lecular clockwork (Figure 5). This concept may account
for reports suggesting that a circadian rhythm in sensi- notype. The failure to immediately achieve an entrained
long-day state for RevErb suggests the existence of ativity to melatonin is involved in photoperiodic re-
sponses [14–16]. It also suggests a molecular mecha- circadian gating mechanism determined by other clock-
work components. Thus, the PT of the pituitary glandnism through which responses to photoperiod, including
prolactin secretion, are modulated by previous photope- functions as both a decoder of photoperiod and an in-
riodic history [17–21]. tegrator of photoperiodic history—a molecular calendar.
Overall, we have shown that the photoperiodic effects
Experimental Procedureson the internal phasing of peaks in expression of Cry1
and Per1 in the PT [8] are directly regulated by melatonin
Animals
so that the melatonin signal duration is traced by the Animal experiments were conducted in accordance with the UK
Cry1-Per1 interval. In the suprachiasmatic nucleus Animals (Scientific Procedures) Act of 1986 [5].
(SCN) of the hypothalamus, PER and CRY protein-pro- In experiment one, adult Soay rams were acclimatized to short
days (lights on at ZT0, lights out at ZT8) for 16 weeks. One grouptein complex formation and turnover are central to pace-
remained on short photoperiod (LD 8:16 group), and the other groupmaker oscillator function [22], and the RevErb gene
was exposed to an 8 hr extension of light (ZT16) to initiate a periodproduct modulates the expression of the core clock
of long days (LD 16:8 group). Blood samples were collected dailygenes Bmal1 and Cry1 [12, 13] and other RORE-con-
at ZT2, and the plasma was stored at20C until assayed for prolac-
taining output genes [23]. Our data demonstrate that tin. The animals were habituated to handling, and care was taken
photoperiod, through the changes in the melatonin sig- to avoid any stressor that might activate prolactin secretion. On day
1 (across the time of light change), blood samples were collectednal, regulates the internal coincidence between peaks
hourly for 24 hr from all animals using an indwelling jugular cannulaof Per1, Cry1, and RevErb expression in the PT. This
to characterize the diurnal rhythms in melatonin secretion (Figure 1).suggests that the consequence of photoperiodic change is
In experiment two, 48 young Soay ewes were brought indoors inaltered transcription/translation driven through promoter
the autumn and preconditioned to short days for 6 weeks. One
elements sensitive to clock proteins (e.g., ROREs and group (n  24) remained on short days (LD 8:16 group) and the
E boxes). We speculate that this results in seasonal other group (n  24) received an 8 hr extension of light during the
changes in the production of stimulatory and/or inhibi- last complete 24 hr light/dark cycle (LD 16:8 group). Animals were
killed by an overdose of a barbiturate (Euthatal, Rhone Merieux,tory factors by the PT cells, which then act on lacto-
Essex, UK) in groups of four at 4 hr intervals starting at ZT7 andtrophs to control prolactin secretion (Figure 5B).
finishing at ZT3 the following morning. Blood samples were col-
lected before death for subsequent radioimmunoassay (RIA). The
Conclusions hypothalamus and pituitary were rapidly dissected and frozen, and
This study demonstrates that photoperiodic induction 20 m serial sections were cut with a cryostat for in situ hybridiza-
tion [8].of prolactin secretion occurs rapidly (within 24 hr) after
Decoding Photoperiod through Clock Genes
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Figure 3. Clock Gene Profiles in the Pars Tuberalis in Animals Ex-
posed to a First Long-Day or Acclimatized to Prolonged Long Days
for 6 Weeks
(A) Plasma melatonin profiles in the LD 16:8 group (open circles)
and those acclimatized prolonged long days (LD 16:8 accl. group)
(closed circles).
Figure 4. Effect of Melatonin Replacement on the Expression of(B) 24 hr profiles of riboprobe-specific hybridization for Cry1, Per1,
Cry1, Per1, and RevErb in the Ovine Pars Tuberalisand RevErb in the PT in the two groups. Values are expressed as
(A) Plasma melatonin levels in animals exposed to short days (LDa percentage of maximum, mean  SEM, n  4/time point. The
8:16 group, n  4, hatched histogram), an 8 hr extension of lighthorizontal bars at the top of the figure indicate times of lights on
plus sham treatment (LD 16:8 group, open histogram), or an 8 hr(open) and lights off (closed) (ZT0  lights on).
extension of light plus melatonin implants (LD 16:8 	 Mel, filled
histogram). Animals were killed 3 hr (ZT11) or 7 hr (ZT15) after
In experiment three, 20 animals were acclimatized to short days. treatment.
Control animals remained on short days (LD 8:16 group, n 4), and (B) Riboprobe-specific hybridization for Cry1, Per1, and RevErb in
the remaining animals received an 8 hr extension of light, as in the PT.
experiment two. Half of the long-day animals received a subcutane- (C) Representative in situ hybridization autoradiograms for Cry1 at
ous melatonin implant (Regulin, CEVA Animal Health, Chesham, ZT11 in the PT of animals in the LD 16:8  Mel groups. Values are
Bucks, UK) placed in the inguinal region at ZT8 (LD 16:8 	 Mel mean  SEM, n  4/time point. The horizontal bars at the top of
group, n 8), while the other group received a sham treatment at the the figure indicate times of lights on (open) and lights off (closed) and
same time (LD 16:8 group, n 8). The implant procedure produced a show the experimental protocol, with melatonin treatment period
consistent and sustained blood concentration of melatonin within (inverted arrow) and sampling time (vertical lines) (ZT0  lights on).
the physiological nighttime range. Animals were killed at ZT11 and
at ZT15.
Additional experimental data: PT samples from Soay sheep ex-
Per1 and Cry1 as described previously [6, 8]. The probe for RevErbposed to 6 weeks of long days (LD 16:8 acclimatized group) in a
was based on the murine sequence [12] generously provided byprevious study [8] were analyzed for RevErb expression.
Professor Ueli Schibler. Film autoradiography and densitometric
analyses were performed as described [8].Hormone Assays
Prolactin concentrations in blood plasma samples were assayed by
StatisticsRIA [24]. The lower limit of sensitivity was 0.5 ng prolactin standard
Quantified gene expression and plasma hormone concentrations(NIH-PRL-S13) per ml plasma, and the intraassay coefficient of varia-
were analyzed by two-way ANOVA, with post-hoc comparison usingtion was less than 10%. The Melatonin RIA [25] used an iodinated
Bonferroni’s test.tracer (Amersham, Little Chalfont, UK) and had a lower limit of sensi-
tivity of 5.0 pg/ml.
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Figure 5. Schematic Models for Melatonin
Control of Cry1 and RevErb Expression in
the Ovine Pars Tuberalis and Prolactin Output
Response
(A) Top, Cry1 is inducible by melatonin after
a period of exposure to light (low melatonin
concentrations). This produces a transient
peak in expression (stipple triangle) after on-
set of darkness/melatonin secretion (arrow	ve)
in animals exposed to short days (LD 8:16),
first long day (LD 16:8), and acclimatized to
prolonged long days (LD 16:8 accl.). The hy-
pothetical inductive window is indicated (dot-
ted line). Bottom, RevErb is transiently sup-
pressed by melatonin. In short days (LD 8:16),
melatonin delays (hatched rectangleve) the
activation of RevErb expression (stipple tri-
angle), whereas the withdrawal of melatonin
during the first long day (LD 16:8) activates
expression when it coincides with the induc-
tive window (dotted line). Under prolonged
long days (LD 16:8 accl.), the inductive win-
dow has reset to the beginning of the night,
and melatonin again delays RevErb activa-
tion (bottom).
(B) The corresponding physiological response of the pituitary lactotrophs is suppressed by a short-day melatonin signal (LD 8:16) leading to
low prolactin secretion and a winter phenotype and is progressively activated from the first long-day melatonin signal (LD 16:8) until the long-
day acclimatized state (LD 16:8 accl., day 42), leading to high prolactin secretion and a summer phenotype. PD  pars distalis.
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